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IMPLICATIONS OF ABRUPT CLIMATE CHANGE
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ABSTRACT
Records ofpast climates contained in ice cores, ocean sediments, and

other archives show that large, abrupt, widespread climate changes
have occurred repeatedly in the past. These changes were especially
prominent during the cooling into and warming out of the last ice age,
but persisted into the modern warm interval. Changes have especially
affected water availability in warm regions and temperature in cold
regions, but have affected almost all climatic variables across much or
all of the Earth. Impacts of climate changes are smaller if the changes
are slower or more-expected. The rapidity of abrupt climate changes,
together with the difficulty of predicting such changes, means that
impacts on the health of humans, economies and ecosystems will be
larger if abrupt climate changes occur. Most projections of future
climate include only gradual changes, whereas paleoclimatic data plus
models indicate that abrupt changes remain possible; thus, policy is
being made based on a view of the future that may be optimistic.

INTRODUCTION
Climate change is one of the many challenges faced by humans in

preserving and improving our lives and future. Several groups issue
climate-change projections, but the most widely used are those of the
Intergovernmental Panel on Climate Change (IPCC) (1,2). This is an
international body, involving scientists, policymakers, nongovernmen-
tal and governmental groups, and more, that seeks to provide the
scientific basis for assessing future climate changes and the likely
impacts of those changes. The focus of the IPCC is primarily on
human-caused as opposed to natural changes.
The IPCC summarized extensive data showing that the composition

of the Earth's atmosphere is being changed in many ways by humans,
with prominent increases in carbon dioxide, methane, and other
"greenhouse gases" that warm the Earth's surface by intercepting
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some outgoing thermal radiation. With high confidence, the increase in
greenhouse gases has contributed to globally averaged warming over
the most recent decades.

If the greenhouse-gas loading of the atmosphere were stabilized at
current levels, warming likely would continue for some time. This is
because some heat from the atmosphere now is being transferred to
warm the oceans and land surface and to melt ice. As these parts of the
climate system come to equilibrium, more heat will be left in the
atmosphere. Additional increase in greenhouse gases will increase the
expected warming further.
Greenhouse warming in turn is expected to cause many changes.

These include: globally averaged increase in precipitation but summer-
time drying of modern grain belts; increase in instances of extreme
heat; warming of polar regions more than the tropics; warming of
nights more than days; poleward and upward migration of many
species including disease-bearing organisms; sea-level rise; and more.
Impacts ofhuman-caused climatic changes are expected to cause the

largest difficulties for poor people, who often lack extensive resources
to deal with changes, and who are tightly tied to local conditions
through hunter-gatherer or agricultural activities. Sea-level changes
will stress coastal peoples. Among ecosystems, those that are isolated
and thus face difficulty in migrating as climate changes, and those
dominated by long-lived and slowly reproducing species, are especially
at risk.
Impacts ofchanges are clearly larger if those changes are more rapid

and less expected (3,4). If humans know a change is coming, and have
time to prepare for that change, many of the negative impacts can be
minimized or even avoided entirely. For example, as I am writing this
during late August, 2003, press reports indicate that the French gov-
ernment has just estimated that more than 11,000 people were killed
by a heat wave this summer; however, in neighboring Portugal even
higher temperatures produced a much lower death toll, presumably
because Portugal is more accustomed to and more prepared for the
effects of such heat.
Perhaps because IPCC projections for planners involve gradual

changes, most outlooks for the impacts of global warming indicate that
problems will be challenging but surmountable. Economically optimal
human behavior in the near future would involve some effort to reduce
greenhouse-gas emissions, but not a huge effort (5,6).
Recent findings on abrupt climate change may affect this calcula-

tion, however. Large, rapid, and widespread climate shifts have oc-
curred in the past and may occur in the future. If they occur, such
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changes will increase the costs and other impacts of climate change,
and may require recalculation of optimal behavior. Here, I briefly
review the evidence for the occurrence and possible recurrence of
abrupt climate changes, potential impacts, and suggestions for re-
sponses.

MATERIALS AND METHODS
Reliable climate records from instruments span a surprisingly short

interval of time. Perhaps the longest continuous instrumental temper-
ature record extends back only to about the year 1659 (7), and applies
only to central England. Somewhat longer records are available from
written records of climate-related variables, such as droughts, floods,
sea-ice extent and more. Longer climate records require the analysis of
sedimentary archives.
On land, sediments accumulate only in special places, including in

lakes and bogs, and on glaciers and ice sheets; most of the land surface
is being eroded and so is not building a long sedimentary record.
Sediments accumulate almost everywhere on the sea bottom. Many
characteristics of sediments are affected by climate, allowing sediment
characteristics to be used to infer past climatic conditions. Ages of the
sediments can be learned in various ways, allowing production of
complete histories (e.g., 8-10).
For example, in seasonal climates, a tree produces one identifiable

ring per year, and the age of the tree can be estimated from layer
counting. In a "good" year, the tree forms a thicker ring. In an espe-
cially cold region, a "good" year will be a warm one, and so the history
of tree growth in the rings can be used to identify warm times. If the
tree is in a dry region, a "good" year is a wet one, and allows recon-
struction of water availability. The pattern of good and bad years can
be matched between living trees and nearby dead trees ("subfossil
wood") if sufficient time overlap is available, allowing extension of the
record. The longest continuous such record now extends beyond 10,000
years (11). Much older wood exists and is being studied, but without
the continuous tie of layers to the present.
Many species are sensitive to climate, and leave shells or leaves or

pollen or other material in sedimentary deposits. A sediment core that
contains pollen, etc. in recent layers primarily from species adapted to
warm climates, but materials from tundra plants in older layers,
indicates that a large warming occurred in the past. Dating is possible
by various techniques, including measurements of radiometric decay,
counting of annual layers, and other ways (9).
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For example, offshore of Venezuela, trade winds during northern
winters mix the waters of the Cariaco Basin, bringing nutrients to the
surface to fertilize blooms of plankton. The white shells ofthe plankton
settle quickly to the sea floor, making a white layer. Lack of oxygen in
the deep waters of this silled basin restricts burrowing organisms, so
the layer is preserved. As the summer approaches, the trade winds
follow the sun north and the basin comes under the influence of the
strong rains at the meteorological equator (the Intertropical Conver-
gence Zone or ITCZ). This suppresses oceanic productivity but washes
dark mud into the ocean. Hence, a year produces a couplet of dark and
light layers, which can be counted (12,13). Thickness of layers, pollen
in the layers, composition of species, and other indicators reveal cli-
mate over time (e.g., 14).

Ice cores have proven especially useful in reconstructing past cli-
mates (e.g., 15,16). Glaciers and ice sheets are true atmospheric sedi-
ments, and the materials in them have not been altered in a lake or
ocean before deposition. Many glaciers and ice sheets, although not all,
accumulated sufficiently rapidly that annual layers can be counted. (If
typical snow drifts are similar to or higher than the typical thickness
of a year's accumulation, annual layers will not be preserved.) Annual
layers are recognizable through physical changes caused in near-sur-
face snow by sunlight, and by other annual oscillations in isotopic or
chemical indicators (17). The accuracy of the dating can be checked by
chemically identifying the volcanic ash from historically dated volcanic
eruptions (18), and is typically quite good (zero-error dates have been
produced, and errors of only one year in one-hundred are often fairly
easy to obtain).
The thickness of an annual layer (after correction for the effects of

snow compaction and glacier flow) provides an estimate of past snow
accumulation rate on the ice sheet. The concentration of wind-blown
materials (sea salt, continental dust, forest-fire smoke, pollen, volcanic
ash, extraterrestrial dust, etc.) reveals much about sources and trans-
port, after correction for the changing dilution caused by changing
snow accumulation rate. Chemical and isotopic fingerprints of wind-
blown materials may allow them to be related to unique sources. The
transformation of snow to ice traps bubbles that are high-fidelity
recorders of past atmospheric compositions. Especially of interest are
carbon-dioxide concentrations, because of greenhouse effects on sur-
face temperature, and methane concentrations, which affected surface
temperature and which record the extent of the wetlands giving rise to
the methane. Several indicators, including the isotopic composition of
the water in the ice, reveal past temperatures on the ice sheet. Thus,
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a rather complete picture of climate on an ice sheet and in broad
regions elsewhere can be assembled from a single ice core.

RESULTS
Paleoclimatic research has provided insights on numerous aspects of

climate change. Changes have occurred on many time scales, in re-
sponse to many forcings. Important changes have occurred over:

--Billions of years, in response to brightening ofthe sun (19,20), and
in response to biological effects on atmospheric composition such as the
rise of oxygen;
--Hundreds of millions of years, in response to drifting continents

affecting oceanic and atmospheric currents, and affecting the rate at
which volcanoes return to the atmosphere the carbon dioxide removed
by chemical reactions with rocks (21);
--Tens to hundreds of thousands of years, in response to variations

in Earth's orbit that affect the seasonality of energy receipt from
sunshine at different latitudes (the Milankovitch mechanism; e.g.
22,23);

--Eleven, twenty-two, and eighty-eight years, in response to solar
variations linked to the sunspot cycle (e.g., 24);

--Three to five years, in response to the El Ninto/Southern Oscilla-
tion in the Pacific Ocean (e.g., 25,26).
Other intervals and causes could be listed as well, including the

annual and daily changes that are so familiar, the occasional effects of
large volcanic eruptions, and the much-less-frequent occasional effects
of impacts of extraterrestrial bodies. Notice, however, that the changes
over hundreds of millions of years or longer are so slow that they can
be considered unchanging for the human time scales we usually con-
sider. The daily and annual cycles are huge, but fast enough that we do
not count them in climate, but in weather. The sunspot cycles are
evident in climate records, but very weak, and do not explain most of
the climate variability we observe. A large volcanic eruption can lower
global average temperature by a degree or so for a year or two (e.g., 24),
but there is no evidence of sufficient organization or clustering of such
eruptions to have a larger and longer-lasting influence on climate (and
there is much evidence against such organization or clustering). Evi-
dence of changes in Earth's magnetic field is available from ice cores
and other sources (a weaker magnetic field allows stronger penetration
of cosmic rays into the atmosphere, producing more beryllium-10 and
other species that are quickly precipitated to the surface; 27), but large
climate changes are not associated with the magnetic-field changes,
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indicating that the magnetic field is not playing a large role in the
climate system.
Perhaps the strongest result to emerge from the available paleocli-

matic data is the importance of carbon-dioxide concentration in deter-
mining warmth. The warm world of the dinosaurs 100 million years
ago, which lacked permanent ice, occurred when carbon dioxide is
estimated to have been high (28,29). The growth of ice first on Antarc-
tica and then in the north accompanied a long-term drop in carbon
dioxide (30). The orbital variations that have paced the ice ages of the
last hundreds of thousands of years produced north-south asymmetry
in forcing (more sunshine in the north occurs with less sunshine in the
south from some of the orbital features), yet the ice ages were globally
synchronous. The only plausible explanations for this behavior involve
the effects of carbon dioxide; as northern sunshine dropped and ice
grew, carbon dioxide fell for poorly understood reasons, controlling
southern temperatures (Figure 1) (e.g., 31). Models forced with the
reconstructed variations of carbon dioxide typically show considerable
skill in simulating the climate changes that occurred, whereas the
same models forced with other known forcings but not carbon dioxide
changes lack that skill (reviewed by 32).
Of greater import here is that recent ice-core data confirmed earlier

studies that there have been millennial-spaced climate changes (Fig-
ure 2). These have been large (1/3 to 1/2 of the entire difference
between the climates of the recent and ice-age worlds), widespread
(affecting much or all ofthe Earth's surface), and persistent (staying in
one climate state for centuries before switching to a different state).
Coolings have been large and abrupt, and warmings more so, locally
reaching 10 degrees C or more in a decade or so (33,34).
The existence of these abrupt climate changes is somewhat alarm-

ing. Most of them occurred during the cooling into and warming out of
ice ages, when average temperatures were lower and more land ice
existed on Earth than now. However, one at least punctuated a time
somewhat warmer than the last century or so in many records, so
warmth provides no guarantee of stability (35,36).
The general anomaly pattern associated with the main abrupt jumps

in the ice-age world and into more recent times includes cold conditions
across the high northern latitudes and especially around Greenland
and northwestern Europe, dry and windy conditions in many places
including the monsoonal belts of Asia and Africa, and slightly warm
conditions in the far southern Atlantic and most of Antarctica (37,38).
Oceanic circulation was changed as well, especially in the north At-
lantic (39-42).
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FIG. 1. History of atmospheric carbon-dioxide concentration derived from concentra-

tions in bubbles trapped in the Vostok, East Antarctica ice core (top) and of temperature
in East Antarctica derived from the isotopic composition of the ice core, following (52).
The very strong similarities are evident. More striking is that the coldest times typically
correspond to local maxima, not minima, in midsummer sunshine, as explained in (31)
and other sources. Plausible explanations ofthis odd behavior in the temperature history
all involve the carbon-dioxide history.

In the modern world, Atlantic waters are saltier hence denser than
equivalent Pacific waters, probably because the trade winds blowing
across central America take water evaporated from the Atlantic to rain
on the Pacific. Cooling of salty waters in the north Atlantic causes
water sinking before freezing, allowing additional warm water to flow
northward and maintain warmth in the region around and downwind
of the north Atlantic, with little sea ice (39-42). The leading hypoth-
esis for the abrupt changes of the past is that freshening of the north
Atlantic surface (from surges of ice sheets from the land, outburst
flooding from ice-dammed lakes, or other causes) allowed north Atlan-
tic freezing before sinking, producing cold northern conditions. How-
ever, this slowed or stopped the northward cross-equatorial flow and
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FIG. 2. History of temperature in central Greenland, following (53).

thus allowed southern warming. Continued atmospheric moisture ex-

port from the Atlantic to the Pacific was then not balanced by export of
the remaining salt in the waters that sank in the north Atlantic and
then circulated southward in the deep Atlantic, around the Antarctic,
and north into the Pacific. The resulting salinity increase in the At-
lantic eventually increased the Atlantic surface-water density enough
to restart the northern sinking, producing a strong northern warming.
Switches in storm tracks and other features of the atmosphere-ocean
system then explain the other climate anomalies.
Models of the Earth system, when driven by north Atlantic freshen-

ing, accurately simulate many aspects of the climate anomalies asso-

ciated with the abrupt, millennial-spacing changes of the past (e.g.,
43-46). However, there is a tendency for the models to simulate
somewhat smaller and less-extensive changes than reconstructed from
paleoclimatic indicators, suggesting either that other causes were in-
volved, or that the models are undersensitive. Importantly, for the

0
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ice-age events, and for the large event and many smaller events during
the current warm period, cooling of the north Atlantic led to drying in
monsoonal regions of Africa and Asia (47-49).

DISCUSSION
The realization that abrupt climate changes exist, and have occurred

repeatedly in the past across broad regions, has stimulated much
research and evaluation. The recent report of the U.S. National Re-
search Council (3) advanced two related definitions of abrupt climate
change: that the change occurs faster than the cause; and, that the
change is sufficiently large, rapid and widespread to cause economies
or ecosystems to have difficulty adapting.
Abrupt climate changes are believed to occur when the climate

system crosses some threshold (either through forcing from outside, or
from unforced variability). Evolution then occurs to a new state, at a
rate determined by the climate system and not by the forcing. Such
threshold behavior is also observed in canoes-lean a little and the
canoe leans a little with you, in a gradual change akin to those con-
sidered by the IPCC (1,2). Lean a little more, and the canoe flips over,
at a rate much faster than your original leaning.
The north Atlantic is one region where threshold behavior can exist.

Sufficient freshening can switch from a sinking to a freezing behavior
there, and the switch is quite abrupt in at least some models. Droughts
on land surfaces also can exhibit threshold behavior. Because much of
the rainfall of continental interiors is recycled evaporation from plants,
loss of plant growth in a drought can allow water to flow down streams
rather than being captured by roots, reducing additional rainfall and
reinforcing the drought. Another threshold behavior in the climate
system involves water penetration into crevasses triggering a break-up
of an ice shelf around Antarctica, allowing faster ice flow and sea-level
rise (e.g., 50). Other important thresholds almost certainly exist.
Threshold crossings are quite difficult to predict, and may be chaotic

(were predictions easier, fewer people would fall out of canoes). Thresh-
old crossings are more likely when a system is being forced to change
(sitting very still in a canoe on a quiet lake is unlikely to trigger a
crossing that capsizes a canoe, but a paddler leaning, or waves rising,
or other forcings can cross the threshold and capsize the canoe). Hence,
humans likely are increasing the probability of a threshold crossing
triggering abrupt climate change, not because human forcing is nec-
essarily worse than natural forcing, but simply because we are "rock-
ing the boat".
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Some suggestions in the popular literature, e.g., of an abrupt climate
change triggering a new ice age, exceed plausible impacts. However,
human activities do seem to be freshening the north Atlantic through
melting of ice and through increases in snowfall and rainfall at high
northern latitudes, and this may cause a weakening or cessation of the
modern ocean-circulation pattern. Impacts might include actual cool-
ing around the north Atlantic especially in wintertime (51), and per-
haps drying in the monsoon belts where very large populations depend
on the seasonal rainfall. The projected drying of grain-belt regions in a
warming world appears capable of triggering dust-bowl-type events,
with major regional consequences (1,2).

In one sense, knowledge of abrupt climate change does not funda-
mentally alter the major issue. Humans will have to adapt to changing
climates that influence the appropriateness of infrastructure (e.g., air
conditioners and snow plows), the distribution of disease-causing or-
ganisms, the viability of ecosystems, and the well-being and associated
health effects of many people. But, abrupt climate change could cause
some counterintuitive effects, such as global warming producing local
cooling. This, plus the difficulty of predicting abrupt climate change,
may recommend urgency in improving understanding of climate
changes and possible impacts, and in improving resiliency and adapt-
ability of economies and ecosystems. By building flexibility into infra-
structure, and preparing "what if' scenarios, it may be possible to
make responses to abrupt climate changes more efficient and faster,
thus improving future health and well-being.

CONCLUSIONS
The Earth has experienced abrupt and gradual climate changes in

the past, and is highly likely to do so in the future. Human forcing of
the climate is emerging from natural variability as the major driver of
change (e.g., 1), and will become increasingly important in the future
if ongoing human behavior patterns continue. Paleoclimatic evidence
shows the strong influence of carbon dioxide on climate, and suggests
that future changes will be as large as, or larger than, those now being
projected by leading climate scientists.
The earth system in the past has repeatedly crossed thresholds,

triggering abrupt climate changes to different and persistent states.
Human activity likely is increasing the probability of abrupt changes
in the future, by causing forcing that may be nearing threshold crossings.

Predictions of abrupt climate changes will be more difficult to make
than of gradual changes. There is no fundamental difference between
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the possible impacts of abrupt versus gradual climate change. How-
ever, because abrupt climate changes, if they occur, will be faster and
less anticipated than the gradual changes on which policymakers have
previously concentrated, impacts will be larger.
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